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Glyco-polymersAbstract Silicone surfactants have been widely used in our daily life and many industrial ﬁelds on
the basis of their unusual properties. Only in the past decades has the use of silicone as a hydropho-
bic building block for the preparation of surfactants become common. The recent trend to combine
silicone, polyoxyalkylene and carbohydrate moieties in the same molecule has resulted in a plethora
of new compounds with new properties.
In this article, we report the preparation of a series of ‘‘glycopolysiloxanes’’ surfactants with
different molecular weights. They were structurally characterized by IR, 1H NMR and MS.
Speciﬁcally, the critical micelle concentration (cmc), effectiveness of surface tension reduction
(pcmc), maximum surface excess (Cmax), minimum surface area (Amin) and standard free energies
of micellization (DGmic) and adsorption (DGads) have been determined from aqueous surface
tension measurements using Du-Nouy Tensiometer (KRUSS K6 type 4851) with a platinum ring.
All the surfactants have good surface properties and have low cmc.
The bacteriostatic power of these polymers was tested and compared under the same conditions
in aqueous solution against common strains of Gram positive bacteria and strains of Gram negative
bacteria.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
Open access under CC BY-NC-ND license.1. Introduction
Silicone surfactants have been widely used in our daily life and
in many industrial ﬁelds on the basis of their unusual
properties. Only in the past decades has the use of silicone as
a hydrophobic building block for the preparation of
surfactants become common. The recent trend to combinesilicone, polyoxyalkylene and carbohydrate moieties in the
same molecule has resulted in a plethora of new compounds
with new properties.
Synthetic polymers grafted with sugar (or carbohydrate)
groups are receiving growing interest. They are often named
‘‘glycopolymers’’, by analogy with term ‘‘glycoconjugates’’,
used for description of the biological molecules in which oligo-
saccharides are covalently linked to other non-carbohydrate
biological molecules, such as proteins (glycoproteins).
The introduction of sugar residues in synthetic polymers
can be made in order to imitate these glycoconjugates,
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glycopolymers. For polymers more devoted to industrial
applications, the introduction of the less complex sugar group
in polymers affords new properties, especially amphilicite,
hydrophilicity, solubility in water, super-absorbent properties,
biocompatibility, biodegradability and better environmental
and toxicological proﬁles.
In this article, we report the preparation of three
‘‘glycopolysiloxanes’’ surfactants and their study of the
surface activities by measuring the equilibrium surface
tensions of their dilute aqueous solutions. The parameters
studied include CMC (the critical micelle concentration),
C20 (the surfactant molar concentration required to reduce
the surface tension of the solvent by 20 mN m1), ccmc
(the surface tension at the cmc), Cmax (the maximum surface
excess concentration at the air/water interface), Amin (the
minimum area per surfactant molecule at the air/water
interface), cmc/C20 ratio (a measure of the factors inhibiting
micellization relative to adsorption at the air/water interface),
and the thermodynamic parameters DGmic (the standard
free energy of micellization) and DGads (the standard free
energy of adsorption) [1].2. Experimental procedures
2.1. Materials
2.1.1. Synthesis of glucose grafted polysiloxanes (GPS)
In 500 ml four neck round-bottom ﬂask 20 g of amin-
opropylpolysiloxane with different siloxanes length compound
1 (A1, A2, A3) in 100 ml dimethyl formamide (DMF)–isopro-
panol were added and heated to 60 C under nitrogen purging,
for 30 min. In a separate conical ﬂask 80 g of glucose was dis-
solved in 100 ml of isopropanol and heated to 60 C, then was
added to the aminopropylpolysiloxane solution slowly, 10 ml
every 5 min, after 60 min of addition the solution became
homogenous. The reaction was monitored using Perkin Elmer
FT-IR by observing the disappearance of the two stretching
peaks of the amin group at 3400 cm1 and the presence of a
new peak at 3550 cm1 and one peak for NAH at 3400 cm1
[2]. The reaction held 2 h reﬂuxing under nitrogen purging,
the solution color will change from colorless to yellow color.
The glycopolysiloxane derivatives were extracted by evapora-
tion and condensation of the isopropanol and the DMF
respectively for further usage and a yellow powder of the
glycopolysiloxane was separated [3].Scheme2.2. Structure conﬁrmation
2.2.1. Infrared spectrum
Infrared spectra were measured on a Perkin–Elmer-1430 infra-
red spectrometer using KBr for disk formation.
The reaction was monitored by observing the disappear-
ance of the two stretching peaks of the amin group at
3400 cm1 and the presence of a new peak at 3550 cm1 and
one peak for NAH at 3400 cm1 [2].
2.2.2. Nuclear magnetic resonance spectra
The 1NMR spectra were measured on a Varian 300 MHz spec-
trometer, chemical department, Faculty of science, Cairo
University.
2.3. Evaluation of the surface properties of the prepared
surfactants
2.3.1. Surface tension and interfacial tension measurements
Surface tension values of the synthesized glycopolysiloxane
surfactant solutions (GPS1, GPS2 and GPS3) were measured
at 25 C using Du-Nouy Tensiometer (KRUSS K6 type
4851) with a platinum ring. Apparent surface tensions were
measured about 3 times for the sample within 2 min interval
between each reading. The obtained data were plotted against
log concentration without any correction, cmc values were
determined from the plot of surface tension versus concentra-
tion [4].
Interfacial tension measurements were made for surfactant–
oil system at 25 C using surfactant solution of concentration
0.1%.
2.3.2. Critical micelle concentration (cmc)
The critical micelle concentration values of the prepared sur-
factants were determined using the surface tension method [5].
2.3.3. Emulsion stability
The emulsifying property for the prepared surfactants was
determined as follows: A surfactant solution (10 ml, 0.1%)
was mixed with light parafﬁn oil (10 ml). The mixture was
put in a (100 ml) graduated stopper tube and shook vigorously
for 2 min, then the tube was placed up right and the separation
of the two layers is observed. The time taken for the separation
of (9 ml) of aqueous layer indicates the emulsifying power of
the surfactant [6,7].1
Table 2 Mean diameter of inhibition zone mm.
Organisms GPS1 GPS2 GPS3
Bacillus subtilis 14 13 14.5
Escherichia coli 14 15 14
Staphylococcus aureus 15 16 14.5
Pseudomonas aeruginosa 12 14 15
Candida albicans 16 16.5 15.5
Aspergillus niger – 22 –
Table 3 The IR spectra of the synthesized surfactants showed
the following absorption bands.
Compound C‚O
cm1
CH3
cm1
CH2
cm1
NH
cm1
OH
cm1
GPS1 1650 2920 2870 3420 3510
GPS2 1660 2910 2870 3400 3500
GPS3 1650 2920 2890 3410 3510
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Foam heights of 0.1% solutions of the prepared surfactants
were measured in bi-distilled water using Ross–Miles pour test
at 25 C [8,9].
3. Results and discussion
We prepared the three derivatives of glycopolysiloxanes using
the simple method for grafting directly and selectively unpro-
tected sugar glucose to aminopropylpolysiloxane such as in
Scheme 1. This strategy bypasses the selectivity issue by using
a sugar with a differential electrophilic reactive group, glucose
function. On the other hand the amino group grafted on the
polysiloxane displays a strong nucleophilicity much higher
compared with hydroxyl functions and leading to a non-
hydrolysable amide bond. GPS (1, 2 and 3) were synthesized
from one step reaction by reacting 20 g of three different amin-
opropylpolysiloxanes (GPS1, GPS2 and GPS3) in 100 ml of
DMF heated to 60 C with 80 g of glucose dissolved in
100 ml of isopropanol preheated at 60 C, the addition of the
glucose solution was 10 ml every 5 min slowly under nitrogen
purge. The reaction held for 2 h and then the yellow powder
was extracted after evaporate and condensate for isopropanol
and DMF respectively.
3.1. Structure conﬁrmation
1. IR spectroscopy technique of the synthesized surfactants
has common groups according to the preparation method-
ology, these groups are C‚O, CH3, CH2, OH and NH. The
infrared spectra of the prepared compounds showed
different peaks that are characterized in Table 3.
2. Nuclear magnetic resonance spectroscopy technique.
1H NMR for the prepared compounds are shown below:
3.1.1. GPS1: (Glycopolysiloxane 1)
1H NMR (DMSO), d: 0.707 (s, 3H, CH3), 1.321 (m, 2H, CH2
ACH2), 2.468 (t, 4H, CH2AOH), 2.568 (m, H, HANACH2),
2.612 (t, H, HAOACH2AC‚O), 2.7211 (m, 2H, CH2ANH),
2.830, 2.582 (d, d, 2H, OHACH2ACH2ANH), 3.301 (t, 2H,
CH2ACH2ANH), 3.562, 3.811 (m, m, 2H, HAOACH2ACH2
AOH), 3.45, 3.862 (m, m, 2H, OACH2ACH2AOH), 3.67
(m, 3H, HAOACH2), 4.102 (t, 2H, CH2AH2CAO), 4.561
(m, 2H, O‚CACH2AOH), 8.024 (t, H, HANAC‚O).Table 1 Surface properties of prepared surfactants.
Compound GPS1 GPS2 GPS3
CMC (mol L1) 1.7 · 103 9 · 104 6 · 104
ccmc (mN m
1) 35 34 28
PC20 5.4 · 105 5.6 · 105 2.6 · 105
pcmc 37 38 44
Cmax (lmol m
2) 0.985 1.310 1.543
Amin (A 2 mol1) 1.777 1.267 1.076
DGmic (kJ mol1) 31.558 23.315 36.721
DGads (kJ mol1) 31.597 23.344 36.749
Interfacial tension (mol L1) 13 10 9
Foaming (ml) 150 220 230
Emulsion (min) 3.5 4.5 53.1.2. GSP2 (Glycopolysiloxane 2)
1H NMR (DMSO), d: 0.821 (s, 3H, CH3), 1.121 (m, 2H, CH2
ACH2), 1.470 (m, 2H, CH2ACH2AO), 1.745 (m, 2H, CH2
ACH2ACH2ANH), 2.477 (t, 4H, CH2AOH), 2.568 (m, H,
HANACH2), 2.612 (t, H, HAOACH2AC‚O), 2.681 (m,
2H, CH2ANH), 2.783, 2.553 (d. d, 2H, OHACH2ACH2
ANH), 3.321 (t, 2H, CH2ACH2ANH), 3.614, 3.808 (m m,
2H, HAOACH2ACH2AOH), 3.556, 3.792 (m m, 2H, OACH2
ACH2AOH), 3.87 (m, 3H, HAOACH2), 4.142 (t, 2H, CH2
AH2CAO), 4.631 (m, 2H, O‚CACH2AOH), 8.120 (t, H,
HANAC‚O).
3.1.3. GPS3 (Glycopolysiloxane 3)
1H NMR (DMSO), d: 0.917 (s, 3H, CH3), 1.111 (m, 2H, CH2
ACH2), 1.685 (m, 2H, CH2ACH2ACH2ANH), 2.507 (t, 4H,
CH2AOH), 2.578 (m, H, HANACH2), 2.636 (t, H,
HAOACH2AC‚O), 2.701 (m, 2H, CH2ANH), 2.788,2.495
(d, d, 2H, OHACH2ACH2ANH), 3.331 (t, 2H, CH2ACH2
ANH), 3.607, 3.838 (m, m, 2H, HAOACH2ACH2AOH),
3.616, 3.732 (m, m, 2H, OACH2ACH2AOH), 3.866 (m, 3H,
HAOACH2), 4.151 (t, 2H, CH2AH2CAO), 4.641 (m, 2H,
O‚CACH2AOH), 7.981 (t, H, HANAC‚O).
3.2. Surface properties
3.2.1. Equilibrium surface tension measurements
As mentioned in Section 2, the equilibrium surface tensions of
dilute aqueous solutions of the ‘‘glycopolysiloxanes’’ surfac-
tants were measured, and plotted against log concentration.
The minimum surface tension (ccmc) values are acquired by
analyzing the plateau region of the plots. The critical micelle
concentrations (cmc) are determined at the intersection of
the two ﬁtting straight lines above and below the break point
of the tension vs (log) concentration plot. The surface excess
concentration (Cmax) and the surface area per molecule (Amin)
are calculated by applying Gibbs equation to the steeply down-
ward sloping section of the plots. A summary of the data is
compiled in Table 1 and in Fig. 1.
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polysiloxanes’’ surfactants signiﬁcantly reduce the surface ten-
sion of the solution at low concentration, indicating that these
molecules adsorb strongly at the air/water surface, and they
are highly effective aqueous surfactants. The value of ccmc
decreases as the number of SiAOASi links and number of
hydrophobic carbon chains (N-methylglycamine) increase. It
can be attributed to the strength and ﬂexibility of the SiAO
bond, its partial ionic character, and the low interactive forces
between the nonpolar methyl groups, characteristics that are
directly related to the comparatively long SiAO and SiAC
bonds.
The low surface tension of silicone surfactants has been
attributed to both the preponderance of highly surface active
methyl substituent and a ﬂexible polymer backbone, which
allows the methyl groups to orient in low-energy conﬁgura-
tions. The length of the SiAO and SiAC bonds allows an
unusual freedom of rotation, which enables the molecules to
adopt the lowest energy conﬁguration at interfaces. By
comparison, hydrocarbon surfactants generally have many
methylene groups in their hydrophobic portions, which have
an intrinsically higher surface energy than the methyl groups.
The surface tension values of these surfactants suggest that
the siloxane portion lies ﬂat on the water surface, exposing
the methyl groups to the air.
One result of the low interfacial tension of silicone surfac-
tants is their vigorous adsorption at the organic/air interface
[10–14].
Wang and coworkers investigated the adsorption of
‘‘comb’’-type silicone polyether (SPE) surfactants at the
interface between water and a hydrophobic, self-assembled
monolayer [15,16]. They concluded that SPEs showed signiﬁ-
cant oleo phobic behavior and were therefore capable of stabi-
lizing dispersions in organic media. They postulated that the
stabilizing behavior was the result of a steric repulsion
mechanism.
Historically, the dynamic interfacial tension (air/water
interface) or alternatively, the rate of interfacial tension
reduction, has been a subject of intense interest in the silicone
surfactant ﬁeld. A likely reason for this interest is that dynamicFigure 1 Change of surface tension of theinterfacial tension plays a signiﬁcant role in many processes
and surfactant applications including wetting and dispersion
stabilization, which are of special interest in the silicone surfac-
tant ﬁeld.
Generally, as expected, the rate of interfacial tension
reduction of silicone surfactants scales inversely with the
molecular weight (as expressed by the solvo dynamic radius)
of the surfactant. This conclusion is consistent with a model
where the rate-determining step(s) of the interfacial adsorption
process is the diffusion of the surfactant through solution or its
rate of orientation at the interface. This has been recently con-
ﬁrmed in two independent studies [17–19].
3.2.2. Interfacial tension measurements
The interfacial tension of each of the prepared series of ‘‘glyco-
polysiloxanes’’ surfactant solutions was measured at interface
with light parafﬁn oil at 25 C. The interfacial tension values
for solutions of the prepared surfactants are greatly affected
by the hydrophobic carbon chains (N-methylglycamine) of
the surfactant molecules. As the number of carbon atoms in
the hydrophobic moiety increases, the interfacial tension val-
ues decrease as shown in Table 1. The lower values of the inter-
facial tension indicate the ability of using these surfactants in
several applications as corrosion inhibitors and biocides [18].
3.2.3. Foaming power
One of the most important properties, which should be
existing in a surfactant, is the foaming power. The prepared
compounds ‘‘glycopolysiloxanes’’ have considerable foaming
properties which increase with increasing the hydrophobic car-
bon chains (N-methylglycamine) of the surfactant molecules.
3.2.4. Emulsion stability
Emulsiﬁcation is one of the most important properties of
surfactants. In many textile processes such as scouring and
dyeing, it is necessary to introduce surfactants into the bath
to remove oily impurities from the ﬁbers. The emulsifying
power of the prepared anionic surfactants; ‘‘glycopolysilox-
anes’’ is listed in Table 1 as a function of time. It is clear thatprepared compounds with concentration.
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phobic carbon chains (N-methylglycamine) of the surfactant
molecules [20].
3.2.5. Critical micelle concentration
Examination of Fig. 1 shows that the plots have signiﬁcant
changes in the slope of the surface tension versus log surfactant
concentration curves as a minimum surface tension is reached.
This dramatic change is generally interpreted as the onset of
surfactant aggregation into micelles in bulk aqueous solution.
By use of these criteria, inspection of the curves in Fig. 1
suggests that the ‘‘glycopolysiloxanes’’ surfactants are forming
micelles.
The cmc values are determined from extrapolation to the
break points in the surface tension versus log surfactant
concentration curves (Fig. 1). With the increase of the number
of SiA0ASi links, and the number of hydrophobic carbon
chains (N-methylglycamine), the cmc values decrease because
of the increase in hydrophobic interaction between the surfac-
tant molecules.
A dramatic change in slope of the surface tension versus log
surfactant concentration curves is generally interpreted as the
onset of surfactant aggregation into micelles in bulk aqueous
solution. Micelle formation by siloxane surfactants in aqueous
solution has not been extensively investigated. Most of the
studies to date report critical micelle concentration (cmc)
values from surface tension versus log surfactant concentration
plots. Although the structure of the micelles formed has been
investigated in the past few years, no conclusion has been
drawn on the tendency of these surfactants to form well
deﬁned micelles [21–27].
3.2.6. Effectiveness (pcmc)
The surface tension (c) is not affected by the change in concen-
tration above cmc, and hence c values at the cmc can be used
to calculate surface pressure (effectiveness) value
pcmc ¼ co  ccmc ð1Þ
where; co and ccmc are the surface tensions of pure water and
surface tension at cmc, respectively.
The most efﬁcient surfactant is the one which gives the
largest reduction in the surface tension at the critical micelle
concentration (cmc).
The effectiveness of the prepared surfactants decreases with
increasing the number of hydrophobic carbon chains (N-meth-
ylglycamine). According to the results obtained GPS3 is found
to be the most efﬁcient Table 1.
3.2.7. Efﬁciency PC20
Efﬁciency (PC20) is determined by the concentration (mol/L)
of the surfactant solutions capable to suppress the surface ten-
sion by 20 dyne/cm.
The values of the efﬁciency of the prepared surfactants are
shown in Table 1. It is obvious that the efﬁciency of these
surfactants increases with increasing the number of SiA0ASi
links, and the number of hydrophobic carbon chains (N-meth-
ylglycamine). Further, the values of efﬁciency of adsorption,
PC20 are useful in comparing the efﬁciency of adsorption of
surfactant on air/water interface [28]. The larger the PC20
value, the more efﬁciently the surfactant is adsorbed at the
interface and the more efﬁciently it reduces surface tension.The most efﬁcient surfactant is the one which gives the low-
est value at the cmc.
3.2.8. Maximum surface excess Umax and minimum area per
molecule Amin
The saturation adsorption values, Cmax, at the air/water
interface and the minimum area per surfactant molecule Amin,
at the air/water interface are obtained from the slope of the
surface tension versus ve log concentration plots (Fig. 1)
by using the approximate form of the Gibbs adsorption
isotherm equations (Eqs. (2) and (3)).
Cmax ¼ ðdc=clogcÞT=2:303RT; ð2Þ
where (dc/d logc)T is the slope of c versus logC plots at con-
stant absolute temperature T and R= 8.314 J mol1 K1.
Amin ¼ 1016=N  Cmax ð3Þ
where N is Avogadro’s number. Values of Amin listed in
Table 1, were found to be ranging between 1.26 and 2.85 nm2.
It is to be expected, and conﬁrmed by the Amin values in
Table 1, that the surface area per molecule (Amin) (Eq. (3))
of the ‘‘glycopolysiloxanes’’ surfactants at the interface
decreases as the number of SiAOASi links, and the number
of hydrophobic carbon chains (N-methylglycamine) increase.
The surfactants at the interface can be packed much tighter
as the hydrophobic interaction increases between the surfac-
tants, and the Amin would be smaller.
3.2.9. Thermodynamic parameters
DGmic ¼ RT lnCMC ð4Þ
DGads ¼ DGmic  6:22 p Amin ð5Þ
where p= (c0  c) is the surface pressure in the region of
surface saturation.
The free energy of micellization (DGmic) (Eq. (4)) and
adsorption (DGads) (Eq. (5)) of the ‘‘glycopolysiloxanes’’
surfactants having negative values, indicate that the processes
are thermodynamically favored.
3.2.10. Studies of antibacterial properties and discussion of
results
Polysiloxanes are particularly attractive as they show excep-
tionally high static and dynamic ﬂexibility of their polymer
chains, which gives them high solubility in many solvents, high
permeability, and unusual surface properties [29]. Another
important point is their amphiphilic character, with the hydro-
philic inorganic part and the hydrophobic organic groups. All
these features facilitate the contact of the biocidal polymer
with the bacterial wall and its diffusion to cytoplasmic
membranes.
They show particularly high bacteriocidal activity against
Gram positive bacteria Table 2, and they are also very efﬁcient
against Gram negative bacteria. It is generally accepted that
the mechanism of the bacteriocidal action of the polycationic
biocides involves their destructive interaction with the cell wall
and/or cytoplasmic membranes [30–32]. Macromolecules may
interact more effectively with the cell of Gram positive bacteria
as their polyglycan outer layer is sufﬁciently loosely packed to
facilitate deep penetration of the polymer chain inside the cell
to interact with the cytoplasmic membrane. On the other hand,
366 M.M.A. EL-Sukkary et al.a Gram negative bacteria cell has an additional membrane
with a bilayer phospholipid structure which protects the inner
cytoplasmic membrane to a greater degree against the adverse
action of the polymeric biocide [33].
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